Supplementary Materials (SM):

Manuscript title: Coevolution in defining the functional specificity.
Authors: Saikat Chakrabarti and Anna R. Panchenko.

Table SM1: Description of the dataset.

No. of Representative Avg. Alignment
No. of No. of Alignment
Code Description Family PDB structure | RMSD | LHM sequence location of
subgroup subsite length
member code identity (%) subsites
MADS: MCM1, Agamous,
¢d00120 2 90 1EGW_A 0.9 0.0 312 1108 12 479,487 490
Deficiens, and SRF box family.
Bactericidal permeability-increasing
protein, lipopolysaccharide-binding
¢d00264 2 31 1BP1_1 - - 338 831 8 317, 323,330
protein and cholesteryl ester transfer
protein domains
358,362,418,423,489,62
€d00333 2 27 1FX8_A 22 7.4 12710 1118 20 4,628,638,639,645,649,
Major intrinsic protein (MIP) family 675
224,291,294,295,375,55
€d00363 2 11 1PFK_A 0.9 0.3 6" 1101 35
Phosphofructokinase 9
731,733,734,737,945,
€d00365 | Hydroxymethylglutaryl-coenzyme A 2 30 1DQA 18 33 0% 1151 24 1054, 1057, 1058, 1070,
(HMG-CoA) reductase 1074
cd00423 Pterin binding enzymes 2 33 1AJ0 2.0 24 4155 1394 16 690,691,739,740




¢d00985 Maf_Ham1 family 2 180 2MJP_A 21 49 3%t 1051 17 247,249,258
16,115,206,214,220,222
Gprotein 11 105 1FQJ 0.8 0.2 77818 310 47
G protein alpha subunit ,306
9,10,20,22,23,33,34,126
GST 11 107 2GST 25 31 9w 330 20
Glutathione S-transferase family ,140
14,15,49,54,84,97,113,1
Lacl 15 54 IWET 0.2 0.0 12 781820 340 27 21,122,145146,159,220,
Lacl/PurR family 248
1,15,30,32,38,40,49,50,
55,59,63,64,65,109,111,
Ricin 3 47 11SY 13 3.9 2142 135 37
112,119,130,132,133,13
RICIN domain family 4
Family 9 carbohydrate-binding 73,79,100,102,157,179,
CBM9 2 19 1182 0.1 0.0 73 196 37
module 182

* Root mean square deviation (RMSD) and loop Hausdorff similarity metric(LHM) are measures of structural similarity and are averaged over
all structures in a given domain family; LHM is used for calculation of structural (dis)similarity within the loop regions®*.



Data collection

MADS:

MCM1, Agamous, Deficiens, and SRF (serum response factor) box family of eukaryotic transcriptional regulators form the MADS family.
These proteins bind DNA and exist as hetero and homodimers. This family is composed of 2 main subfamilies: SRF-like/Type | and MEF2-
like (myocyte enhancer factor 2)/ Type Il as suggested by CDD database®. Apart from the extra alpha-2 helix responsible for the dimerization
interface in SRF-like/Type | subfamily, there are three other sites that could be important in specificity determination. Two of these sites
(alignment columns 487 and 490; see Table SM1) were identified as phosphorylation sites in the MADS MEF2-like subfamily and were linked
to the increased DNA binding affinity" 2. The third subsite is a part of the dimerization interface.

Bactericidal/permeability-increasing protein domain:

Bactericidal permeability-increasing (BPI) proteins bind to and neutralize lipopolysaccharides (LPS) from the outer membrane of Gram-
negative bacteria. Apolar pockets, formed mainly by helix-A on the concave surface bind a molecule of phosphatidylcholine, primarily by
interacting with its acyl chains. It consists of two domains of similar sizes (N-terminal BPI1 and C-terminal BPI2) that are connected by a
proline rich linker of 21 residues (positions 230 to 250).The N-terminal domain of BPI is cationic and retains the bactericidal, LPS binding, and
LPS-neutralization activities of the intact protein®*. The COOH-terminal domain is essentially neutral and shows limited LPS-neutralization
activity®. From the study of Beamer et al., 1997° we extrapolated three sites (Arg8, Leul4 and Gly21 in BPI1) residing just before and within
the helix A and A" (in BPI1 and BPI2, respectively); these sites could be responsible for variable bactericidal binding properties and may be
important for subfamily specificity.

Major intrinsic protein (MIP) family:

The major intrinsic protein (MIP) family is a large and diverse family of transmembrane channels containing two major subfamilies with
bacterial members: glycerol-transporting channel proteins (GLP) and aquaporins (AQPSs), water-transporting channel proteins. For the current
study 12 sites were selected as specificity determining sites involving in either pore selectivity, water channel formation in AQPs or interaction
with glycerol in GLPs" *°.

Phosphofructokinase:
Phosphofructokinase (PFK) catalyzes the phosphorylation of fructose-6-phosphate to fructose-1,6-biphosphate. PFK family contains two
subfamilies; ATP and pyrophosphate (PPi) dependent phosphofructokinases. Generally, ATP-PFKs are allosteric homotetramers, and PPi-



PFKs are dimeric and nonallosteric except for plant PPi-PFKs which are allosteric heterotetramers. Six sites that have been suggested to be
important in maintaining specific binding to ATP or PPi and they were selected as true positives for this analysis*.

HMG-CoA reductase:

Hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase (HMGR) is a tightly regulated enzyme, which catalyzes the synthesis of
coenzyme A and mevalonate in isoprenoid synthesis. There are two classes of HMGR: class | enzymes which are found predominantly in
eukaryotes and contain N-terminal membrane regions and class Il enzymes which are found primarily in prokaryotes and are soluble as they
lack the membrane region. Human (belongs to class I subfamily) and bacterial HMGR (belongs to class Il subfamily) differ in their active site
architecture'®*®, Class | HMGRs generally binds to HMG, HMG-CoA in a NADP dependent reaction while class II HMGRs binds to HMG-
COA, mevalonate and NAD. Ten sites were selected as specificity determining at which most differences observed in catalytic and substrate
binding properties between the class | and || HMGRs'**.

Pterin binding enzymes:

This family includes dihydropteroate synthase (DHPS) subfamily and cobalamin-dependent methyltransferases®*. Both DHPS and cobalamin-
dependent methyltransferases bind to pterin substrates while sulfonamide drugs act as a specific ligand to DHPS. Four sites that could to be
important for sulfonamide binding in DHPS**™® were considered as specificity determining sites.

Maf_Ham1 family:

Maf_Haml domain family contains two subfamilies, Ham1l and Maf. A Ham-related protein from Methanococcus jannaschii is a novel
NTPase that has been shown to hydrolyze nonstandard nucleotides, such as hypoxanthine/xanthine NTP, but not standard nucleotides. Maf, a
nucleotide binding protein, has been implicated in inhibition of septum formation in eukaryotes, bacteria and archaea. Three conserved residues
could be important for binding to different nucleotides [e.g., 2'-Deoxyuridine 5'-Triphosphate (dUTP) and Xanthosine 5'-Triphosphate (XTP)
for Maf and Ham1, respectively] and therefore can be regarded as specificity determining sites'” *2.

G protein alpha subunit family:

G, subunits of G protein can be divided into four main subtypes where each of the classes performs different biological functions through
specific interactions with the effectors [e.g. cyclic GMP phosophodiesterase (PDE)] and regulators [e.g. Regulator of G protein signaling
(RGS) domains]. Multiple sequence alignment were obtained from Pei et al., 2006, where the main four subtypes are further divided into 11
subfamilies depending either on the taxonomy (like, plant, animal, fungal G proteins) and type of functions involved (e.g. stimulation Gg;
inhibition G;, etc). Sites that were predicted as being specificity determining by both SPEL and SDP-pred” ® methods and were also found to
be spatially proximal to the specific effectors or regulators were considered true positives in our analysis.

Glutathione S-transferase family:
Glutathione S-transferase (GST) enzymes function to detoxify a wide variety of xenobiotic substrates with reactive electrophilic groups by
conjugation to the tri-peptide glutathione (GSH). GST enzymes have been extensively characterized and are grouped according to a robust


http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi##

classification system that is based on a variety of criteria including primary structure, immunoblotting, kinetic properties, inhibitor sensitivity,
tertiary structure, and quaternary structure®. Multiple sequence alignment of the GST family and the specificity determinant sites were
obtained from Pei et al., 2006".

Lacl/PurR family:

The Lacl/PurR family of transcription factors is regulated by small molecules, such as sugars and nucleotides. In addition to available
experimental and structural information, the Lacl/PurR family has been widely used by researchers for prediction of specificity determining
sites. This family contains 15 specificity groups: AraR, KdgR, CcpA, DegA, YjmH, RbsR, PurR, CytR, GalSR, AscG, Lacl, TreR, GntR, IdnR,
and FruR. Generally, researchers”®'** have identified specificity determining sites through examination of possible contacts between ligand
molecules (effector and DNA) and amino acid residues or between amino acid residues of different subunits.

RICIN domain family:

A single RICIN domain can be divided into three structural domains and three corresponding domain subfamilies of approximately 40 amino
acids in length that have evolved from an ancient galactose binding peptides®. The first domain subfamily possesses two carbohydrate binding
sites and a peptide binding region (group I1), the second domain subfamily contains the N-terminal carbohydrate binding region (group I) and
the third one covers the C-terminal carbohydrate binding region (group 111)’. Multiple alignments and the information regarding the sites that
could be specific to each domain subfamily were obtained from Pils et al., 2005%,

Family 9 carbohydrate-binding module:

The alignment of carbohydrate-binding module family 9 (CBM9) containing approximately 19 putative sequences from 11 organisms was
obtained from Notenboom et al., 2001*. CBM9 family contains two subfamilies: 9a and 9b. Subfamily-9a comprises the N-terminal part of
tandem CBM9 modules. The subfamily-9a module suggests lack of carbohydrate-binding function compared to the other subfamily-9b which
binds to amorphous and crystalline cellulose and different soluble di- and monosaccharide®.



Table SM2: List of CDD families and their functionally important sites (FIS).

No. of Number of
Alignment Avg. sequence
Code Description Family functionally
length identity (%)
member important sites
cd00120 MADS: MCM1, Agamous, Deficiens, and SRF box family. 90 1108 12 35
Bactericidal permeability-increasing protein, lipopolysaccharide-binding protein 31 831 8 19
cd00264 and cholesteryl ester transfer protein domains

cd00333 Major intrinsic protein (MIP) family 27 1118 20 12
cd00363 Phosphofructokinase 11 1101 35 37
cd00365 Hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase 30 1151 24 59
cd00423 Pterin binding enzymes 33 1394 16 14
cd00985 Maf_Ham1 family 180 1051 17 5




Figure SM1:
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Figure SM1: Fraction of coevolution (FC) for actual and predicted subsites. Fraction of
coevolution (shown in % scale bins) for each site was calculated as the number of suggested
coevolved site pairs divided by all possible site pair combinations for a given site with all other sites.

Different coevolution prediction algorithms were applied to calculate FC within our dataset. a) FC



calculated using the MIp algorithm® for actual subsites and non-subsites (upper left panel) and for
top SPEER?" predicted subsites (upper right panel); b) FC calculated using the OMES??° algorithm
for actual subsites and non-subsites (middle left panel) and for top SPEER predicted subsites (middle
right panel); ¢) FC calculated using the McBASC®"2 algorithm for actual subsites and non-subsites
(lower left panel) and for SPEER top predicted subsites (lower right panel).



Figure SM2:
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Figure SM2: Correlation of SPEER score with fraction of coevolution for a given site. Fraction
of coevolution (shown in % scale) for each site is plotted against the SPEER?’ score. The inset
shows the fraction of evolution for actual subsites only. The central line in each box shows the
median value, the upper and lower boundaries of individual box show the upper and lower quartiles,
and the vertical lines extent to a value of 1.5 times the inter quartile range. Outlier values are shown

outside the whiskers.



Figure SM3:
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Figure SM3: Correlation of evolutionary conservation with the fraction of coevolution for
subsites. Fraction of coevolution for each subsite is plotted against evolutionary conservation
[evolutionary conservation scores were calculated by the a) AL2CO* and b) Rate4Site® programs]
where higher values indicate higher conservation. For comparison purpose, Rate4Site scores are
projected on a reverse scale. Each box shows the mean value and standard error of fraction
coevolution for sites with less that 10 (grey box) and more than 10 coevolutionary connections (open
box).



Figure SM4:
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Figure SM4: Spatial distance analysis among all coevolved sites. Spatial distances among all
coevolved site pairs (grey bars), isolated coevolved site pairs (grey squared bars), network coevolved
site pairs (grey striped bars) and all background residue pairs (open bars) are plotted into bins.
Isolated coevolved site pairs®® were defined as those site pairs that are not coevolved with any other
sites whereas site pairs that are also coevolved with other sites forming a network were termed as
network coevolved site pairs®. The spatial distance distribution of all site pairs within the

representative structures are shown in open bars.



Figure SM5:
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Figure SM5: Sequence distance analysis among all coevolved sites. Sequence distances among all
coevolved site pairs were plotted in bins. The inset shows a blow out of distance distribution of
coevolved site pairs that are within 50 residues apart.
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